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Abstract. Pressure ﬂuctuation in single-phase pumps has been studied widely, while less attention has been
paid to research on multiphase pumps that are commonly used in the petroleum chemical industry. Therefore,
this study investigates the pressure ﬂuctuation for a multiphase rotodynamic pump handling air–water
two-phase ﬂow. Simulations based on the Euler two-ﬂuid model were carried out using ANSYS_CFX16.0 at
different Inlet Gas Void Fractions (IGVFs) and various ﬂow rate values. Under conditions of IGVF = 0%
(pure water) and IGVF = 15%, the accuracy of the numerical method was tested by comparing the experimen-
tal data. The results showed that the rotor–stator interaction was still the main generation driver of pressure
ﬂuctuation in gas–liquid two-phase pumps. However, the ﬂuctuation near the impeller outlet ascribe to the
rotor–stator interaction was weakened by the complex gas–liquid ﬂow. For the different IGVF, the varia-
tion trend of ﬂuctuation was similar along the streamwise direction. That is, the ﬂuctuation in the impeller
increased before decreasing, while in the guide vane it decreased gradually. Also, the ﬂuctuation in the guide
vane was generally greater than for the impeller and the maximum amplitude appeared in the vicinity of guide
vane inlet.
Nomenclature
Amp Amplitude, kPa
Cp Pressure coefﬁcient, dimensionless
FFT Fast Fourier Transform
H Head, m
Hd Designed head, m
Hg Head of gas, m
Hl Head of water, m
Ht Test pump head
IGVF Inlet Gas Void Fraction, dimensionless
n Rotational speed, r/min
p Static pressure, kPa
pi Static pressure at the pump inlet, Pa
pi(t) Instantaneous static pressure, Pa
pi Average static pressure, Pa
po Static pressure at the pump outlet, Pa
P Shaft power, kW
Pe Effective power, kW
Qd Designed ﬂow rate, m
3/h
vi Velocity at pump inlet, m/s
vo Velocity at pump outlet, m/s
wls Water superﬁcial velocity, m/s
Dt Time step, s
Greek symbols
ag Gas void fraction, dimensionless
b Mass fraction of gas, %
g Efﬁciency, dimensionless
gt Test pump efﬁciency, dimensionless
q Density, kg/m3
r Standard deviation of pressure, Pa
Subscripts
d Design
e Effective
g Gas
i Inlet
l Liquid
o Outlet
t Test* Corresponding author: yuzhiyi@bit.edu.cn
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1 Introduction
Pressure ﬂuctuation in pumps not only increases vibration of
the unit, but can also increase noise levels and cavitation,
seriously affecting the safety and stability of the pump
(Chen et al., 2016; Hayashi and Kaneko, 2014; Nishida
et al., 2016) and is therefore an important aspect for study.
For single-phase pumps, many factors cause pressure ﬂuctu-
ation, including cavitation, ﬂow separation, vortex hand,
and rotor–stator interaction but the rotor–stator interaction
is viewed as the major cause (Miorini et al., 2012). However,
for gas–liquid two-phase pumps, the ﬂow is usually more
disordered due to the phase interaction between the two
phases effecting the ﬂuctuation in such pumps (Liu et al.,
2017a; Ma et al., 2018; Yu et al., 2014).
Many studies on the pressure ﬂuctuation in single-phase
pumps have been conducted or even carried out in-depth
cavitation analysis in recent years, including for centrifugal
pumps (Gonza´lez et al., 2006; Liu et al., 2017b; Majidi,
2005), axial ﬂow pumps (Feng et al., 2016; Shuai et al.,
2014; Xie et al., 2018) and mixed-ﬂow pumps (Miyabe
et al., 2006; Xu et al., 2017; Zhang et al., 2017b). Gonza´lez
et al. (2006) investigated pressure ﬂuctuation and radial
forces for a centrifugal pump with an impeller to tongue
gap variation and obtained the dynamic forces at the blade
passing frequency. While Feng et al. (2016) found that the
effect of clearance variation on the ﬂuctuation in the impel-
ler is larger than for the guide vane for an axial ﬂow pump,
which agreed with Zhang et al.’s (2017a) analysis for a
mixed-ﬂow pump. Additionally, by exploring the pressure
ﬂuctuation in a mixed-ﬂow pump under cavitation condi-
tion, Xu et al. (2017) found a correlation between the
dominant frequency and the variation of the cavitation
regions. Thus, despite the type of single-phase pump, the
rotor–stator interaction is always seen as the main genera-
tion driver of pressure ﬂuctuation. In gas–liquid two-phase
pumps, due to the phase interaction, ﬂow separation and
the mixing of the two phases, the ﬂow may become disor-
dered and the ﬂow pattern variable with the operating con-
ditions of pump. However, research on such pumps has been
focused primarily on design optimization (Cao et al., 2005;
Kim et al., 2015; Suh et al., 2017) and transport properties
(Minemura andMurakami, 1980; Minemura and Uchiyama,
1993). In terms of the pressure ﬂuctuation, although Zhang
et al. (2017c) and Tan and Zhang (2018) made a preliminary
analysis, the relationship between the ﬂuctuation and IGVF
as well as the effect of ﬂow rate was not discussed.
With the technological development of Computational
Fluid Dynamics (CFD), CFD simulation has become a pri-
mary tool to investigate the internal ﬂow in multiphase
pumps (Caridad and Kenyery, 2004; Pineda et al., 2016).
Also, theEuler two-ﬂuidmodel has been appliedmorewidely
in the related simulation because of its higher calculation
precision than other two-phase models such as mixture
model and drift ﬂow model, among others (Suh et al.,
2018, Zhang et al., 2018a). In this model, each medium has
its own governing equations, that is, each medium has its
own velocity ﬁeld but share the same pressure ﬁeld and the
phase interaction between the two phases is considered
(Lane et al., 2005; Zhang et al., 2018b; Yan et al., 2017;
Yu et al., 2015). Based on the Euler two-ﬂuid model, the
biphasic characterization of a centrifugal pump was investi-
gated by Caridad et al. (2008), and they showed that an
increase in bubble diameter will be detrimental to the pump
head. While based on the Euler two-ﬂuid model and a devel-
oped mechanistic model, Zhu and Zhang (2016) predicted
the in-situ GVF in an electrical submersible pump impeller
and obtained that with the increase of bubble diameter
and the decrease of gas density and rotation speed, the
in-situ GVF increased.
On the whole, few studies on the pressure ﬂuctuation in
multiphase pumps have been carried out, thus the main
cause of pressure ﬂuctuation and its change rules in such
pumps need further exploration. In this study, an experi-
mental system of the multiphase pump handling air–water
two-phase ﬂow was described ﬁrstly; secondly, the reliabil-
ity of the numerical methods was discussed in terms of
turbulence models, structured mesh, steady and unsteady
simulations; then the unsteady simulations based on the
Euler two-ﬂuid model were carried out using ANSYS_CFX
16.0 at IGVF = 15%. In addition, because of the complex-
ity of the operation conditions, the multiphase pumps may
operate at different Inlet Gas Void Fractions (IGVFs) and
various ﬂow rates. Therefore, the inﬂuences of IGVF and
ﬂow rate were investigated. The objective of this research
is to obtain the mechanism of ﬂuctuation and determine
the change rules.
2 Experimental system of the multiphase
pump
2.1 Experimental design
An experimental system diagram of the gas–liquid two-
phase pump is shown in Figure 1. To ensure the safety of
experiment and the reusability of equipment, as well as to
observe the bubble diameter and the internal ﬂow in the
pump more conveniently, air and water were therefore
selected.Meanwhile, before entry into the multiphase pump,
theyweremixed evenly in amixer to provide a bubbly ﬂow in
the inlet pipe. The central perforated tube is the most impor-
tant component of the mixer. The gas breaks and mixes
uniformly with the liquid in the central perforated tube
and the bubble size is adjusted by the openings in it.
The mixer, multiphase pump, and water tank are labelled
4, 5, and 1 respectively in Figure 1. A schematic diagram
of the test system has been present as Figure 2 to provide
a better understanding of the real diagram. In addition, to
observe the internal ﬂow of the multiphase pump, the casing
of impeller and guide vane was made from Plexiglas and the
maximum pressure available on it is 0.6 MPa, as shown in
Figure 3.
The test pump head is obtained by equations (1)–(3),
where b is the mass fraction of gas; pi and po are the
pressure at inlet and outlet of the pump respectively mea-
sured by the pressure gauge with an accuracy of ±0.25%;
vi and vo are the velocities at the pump inlet and outlet
respectively. The velocities of air and water are calcu-
lated based on the ﬂow rates, which are measured by the
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rotameter and the turbine ﬂowmeter respectively, with an
accuracy grade of ±0.5%:
H t ¼ 1 bð ÞH l þ bH g; ð1Þ
H l ¼ po  piplg
þ v
2
0  v2i
 
l
2g
; ð2Þ
H g ¼ po  pipgg
þ
v20  v2i
 
g
2g
: ð3Þ
The test pump efﬁciency is computed by equations
(4)–(5), where Q denotes the total void ﬂow rate of the
two phases;P is the shaft power of the pump and ismeasured
by a torque power meter with an accuracy of ±0.2%. In
addition, according to the calculation method used in the
Zhang et al. (2015), the measurement error of pump head
and efﬁciency can be determined to be about 0.8%:
gt ¼
P e
P
; ð4Þ
P e ¼ qgQH t1000 ; ð5Þ
here, the density q is the mixture density deﬁned by:
q ¼ qgIGVF þ q1 1 IGVFð Þ: ð6Þ
2.2 Parameter speciﬁcations
The multiphase pump in this study includes four compo-
nents, i.e. the inlet and outlet pipes, impeller, and guide
vane. Its designed rotational speed n is 2950 r/min;
designed ﬂow rate Qd is 50 m
3/h; and designed head Hd is
15 m. The lengths of the inlet and outlet pipes are
300 mm and 400 mm, respectively. The number of blades
of the impeller and guide vane is four and eleven respec-
tively and other design parameter speciﬁcations for the
impeller and guide vane passages are shown in Figure 4.
3 Numerical methods
3.1 Governing equations
Two-ﬂuid model was adopted in this study to predict the
internal ﬂow of the multiphase pump. Furthermore, the
dragmodel considered to be the most important phase inter-
action model wasmodiﬁed using the secondary development
technology of ANSYS_CFX16.0, which has been intro-
duced in the published literature (Zhang et al., 2019). In
addition, the basic governing equations for incompressible
ﬂow in the multiphase rotodynamic pump have been
detailed in previous studies (Yan et al., 2017; Yu et al.,
2015; Zhang et al., 2017c). Signiﬁcantly, as a result of a lack
of an in-depth understanding of the internal ﬂow mecha-
nisms in gas–liquid two-phase pumps, no one turbulence
model has been applied widely and accurately to predict
the complex ﬂows in such pumps (Franke, 2009).
Usually, two-equation turbulence models, such as
standard k-e (Ding et al., 2011; Kocaaslan et al., 2017),
Renormalization Group (RNG) k-e (Qu et al., 2016; Tan
et al., 2014), k-x (Feng et al., 2010; Menter, 1994), and
Shear Stress Transport (SST) k-x (Kim et al., 2015; Stel
et al., 2015; Yan et al., 2017; Yu et al., 2015; Zhang
et al., 2017c), have been used as they have a better compro-
mise in terms of numerical effort and computational
accuracy. Here, the SST k-x model is a blending model
between the k-x model near the wall and the k-e model in
the outer region. Therefore, the SST k-x model can account
for the transport of the turbulent shear stress and give a
highly accurate prediction of ﬂow separation under adverse
pressure gradients (Zhang, 2000).
The values of numerical efﬁciency and head at these
four turbulence models along with the experimental results
are listed in Table 1. It shows that the results for the stan-
dard k-e model are furthest from the experiment, which may
ascribe to the inaccurate e equation, especially for the ﬂow
with large strain rate. In fact, this is also why Yakhot et al.
(1992) developed the RNG k-e model. From Table 1,
although the results for the RNG k-e and SST k-x models
are close to the experimental results, the SST k-x model
Fig. 1. Experimental system diagram of the multiphase
pump. 1. Tank; 2. Rotameter; 3. Turbine ﬂowmeter; 4. Mixer;
5. Multiphase rotodynamic pump; 6. Electric motor; 7,
8. Pressure gauges; 9. Collecting system; 10. High-speed camera
and lighting.
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was chosen for the present study as a result of the complex
gas–liquid ﬂow and the existence of adverse pressure gradi-
ent in the multiphase pump.
3.2 Structured mesh
Figure 5 shows the three-dimensional numerical pumpmodel
with a full ﬂow passage and the structured mesh adopted for
each component. In order to ensure the mesh qualities of the
impeller and guide vane, an Automatic Topology and
Meshing (ATM) optimized topology was applied in ANSYS
TurboGrid (SAS IP, Inc., 2013). This topology type creates
high-qualitymeshesby adjusting the global size factor aswell
as the distribution parameters in the hub and shroud layers.
The meshes for the impeller and guide vane, as well as the
partial enlarged view, are shown in Figure 6.
The pump head and efﬁciency are compared with
four mesh numbers under pure water conditions (Q =
49.3 m3/h) to efﬁciently utilize the computer resources and
to improve the computational efﬁciency as shown inFigure 7.
This shows that the differences in head and efﬁciency are
smaller between 3.68million and 4.82millionmesh numbers,
thus the total mesh number of 3.68 million was adopted
ﬁnally.
The detailed mesh information for the impeller and
guide vane, such as elements, nodes, orthogonality, expan-
sion factors, Aspect ratios, and y+ is extracted and listed
in Table 2. The orthogonality angle range is 0–90 with lar-
ger values indicating better orthogonality. Expansion
involves the ratio of the maximum to minimum distance
between the control volume node and the control volume
boundaries with an acceptable range of 1–20 (SAS IP,
Inc, 2013). Aspect ratio relates to the ratio of the maximum
to minimum integration point surface areas in all elements
adjacent to a node with an acceptable range of 1–100
(SAS IP, Inc, 2013). The y+ value is a non-dimensional
Fig. 4. Parameter speciﬁcations for the impeller and guide vane
passages.
Fig. 2. Schematic diagram of the test system.
Fig. 3. Experimental pump model.
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parameter representing the distance from the wall to the
ﬁrst node away from the wall (SAS IP, Inc, 2013). Thus,
according to the analysis shown in Table 2, it can be
concluded that the mesh qualities in this study can meet
the requirements of unsteady simulation.
3.3 Simulations and validations
3.3.1 Steady simulation
Because of its computational efﬁciency and acceptable
computational accuracy for steady simulation, the external
characteristics of pumps, such as efﬁciency and head, are
predicted by steady simulation (Kim et al., 2015; Tan
et al., 2014; Zhang et al., 2014). To verify the reliability
of the numerical methods adopted in this study, the inlet
of computational domain was set as total mass ﬂow rate
and corresponding void fraction of the medium; the diame-
ter of gas bubble in two-phase ﬂow was given 0.4 mm
according to the experimental value; while at the outlet,
the static pressure was speciﬁed. The model used for the
tip clearance of the rotor is General Connection interface
model, which is a powerful way to connect regions together.
In terms of the numerical solution, a frozen-stator method
was given for the rotor–stator interfaces and the second
order upwind scheme was used to solve the terms of advec-
tion and turbulence numerics. The total iterative step was
set as 1000 and the RMS residual was set as 1 · 104.
Based on ANSYS_CFX16.0 code, the steady simulations
for a gas–liquid two-phase pump with a full ﬂow passage
were carried out at conditions of pure water and four
IGVFs, and compared with the experimental data, as
shown in Figures 8 and 9.
As shown in Figure 8, the numerical efﬁciency and head
at pure water conditions are in good agreement with the
experimental results, especially the relative errors of efﬁ-
ciency and head which are only 0.94% and 2.97% at the
nominal ﬂow rate, respectively. While, as can be seen in
Figure 9, the numerical heads at these four IGVF condi-
tions have small errors compared to the experimental
results, that is, errors of 3.00%, 2.07%, 3.30%, and 1.57%
for IGVFs of 3%, 9%, 15%, and 21%, respectively. There-
fore, it can be concluded that the numerical methods
applied in the present study are reliable.
3.3.2 Unsteady simulation
To get the convergence results more readily, the steady
results were taken as the initial values of the unsteady
simulations. The method for rotor–stator interfaces was
modiﬁed to ‘‘transient rotor–stator method’’, and it truly
reﬂects the transient effect and gives highly accurate predic-
tions for the ﬂow between rotor and stator.
To explore the pressure ﬂuctuation in the impeller and
guide vane passage, eight monitoring points denoted as
R1C–R4C, S1C–S4C were evenly arranged along the ﬂow
direction and located at mid-height in the radial direction,
as shown in Figure 10. Meanwhile, at the unsteady simula-
tion stage, the timescale plays a very important role in
determining the numerical results and the computational
speed. Therefore, at pure water design conditions, two time
steps were analyzed – ﬁrst Dt1 = 1.69 · 104 s and then
Dt2 = 1.13 · 104 s, corresponding to the time for the
impeller rotation of 3 and 2 respectively, as presented in
Table 3 and Figure 11. There is little difference in both
the external characteristics of the pump (efﬁciency and
head) and the pressure variation of monitoring points
R4C, S1C, S4C at these two time steps. However, the efﬁ-
ciency and head of the pump in unsteady simulation are a
bit larger than the steady results shown in Figure 7. This
is because the unsteady simulation results given in Table 3
are extracted at a certain time, rather than the average val-
ues in the stable period. Compared to the single-phase ﬂow,
the ﬂow with two phases is usually more disordered due to
the phase interaction as well as the separation and the mix-
ing. Therefore, Dt2 = 1.13 · 104 s was chosen for the
unsteady simulation at different IGVFs. The total time
was set as 0.203 s, namely, the time that the impeller
rotates 10 cycles.
4 Results and discussion
4.1 Pressure ﬂuctuation at condition of IGVF = 15%
Under conditions of IGVF = 15% and Q = Qd, the time
domain characteristics of all points during one cycle are
Table 1. Comparison of the efﬁciency and head between simulation and experiment (Q = Qd).
Item Simulation Experiment
Standard k-e RNG k-e k-x SST k-x
Efﬁciency g (%) 60.78 58.07 60.03 58.04 57.50
Head H (m) 17.97 17.05 17.78 17.05 16.55
Fig. 5. Computational pump model.
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shown in Figure 12. The pressure ﬂuctuations of points
R1C–R4C in the impeller are smaller than that of points
S1C–S4C in the guide vane. Also, an obvious cyclical ﬂuc-
tuation occurs for the points R2C–R3C and points
S1C–S4C, that is, there are eleven and four peaks and
valleys respectively during one cycle which corresponds to
the number of blades of guide vane and impeller,
respectively.
Using the Fast Fourier Transform (FFT) method, the
frequency domain characteristics of points R1C–R4C,
S1C–S4C are obtained, as shown in Figure 13. Along the
streamwise direction, the ﬂuctuation in the impeller
increases ﬁrstly and then decreases, while there is a gradual
decrease for the ﬂuctuation in the guide vane and the max-
imum ﬂuctuation amplitude for all points appears near the
guide vane inlet (point S1C). The ﬂuctuation near the
rotor–stator interaction region, that is, from the impeller
outlet to guide vane inlet regions is relatively large and
the rotor–stator interaction region is usually taken as the
main reason for the pressure ﬂuctuation in single phase
pumps. However, as can be seen in Figure 13, the ﬂuctua-
tion of points R4C located near the impeller outlet is
relatively small, which should go hand in hand with the
gas–liquid two-phase ﬂow therein. As there is a difference
in density between the gas and liquid phases, the gas phase
will gather at the outlet of the impeller (Fig. 14a) and form
a gas vortex in the corresponding regions (Fig. 14b), which
have been described in detail previously (Zhang et al.,
2018b). Therefore, it can be drawn that the complex gas–
liquid two-phase ﬂow will weaken the pressure ﬂuctuation
in the vicinity of the impeller outlet that has been attribu-
ted to the rotor–stator interaction.
It can be also seen from Figure 13 that, aside from the
dominant frequency, there are more chaotic frequencies
for the points in the impeller. This is associated with the
complex gas–liquid two-phase ﬂow caused by the rotation
of the impeller. Additionally, the ﬂuctuation in impeller
was generally less than that in the guide vane, which shows
that the rotor–stator interaction has a greater effect on the
ﬂuctuation in guide vane at IGVF = 15%.
4.2 Inﬂuence of Inlet Gas Void Fractions (IGVFs)
The information about the dominant frequency of monitor-
ing points at different IGVF conditions are listed in Table 4,
where, fn is the rotating frequency of impeller with a com-
puted value of about 49 Hz based on the rotational speed
of the pump. Overall, the dominant frequencies of all points
are 11fn and 4fn respectively which corresponds to the blade
numbers of guide vane and impeller. Therefore, it can be
illustrated that the rotor–stator interaction is still responsi-
ble of the pressure ﬂuctuation in themultiphase rotodynamic
pump handling gas–liquid two-phase ﬂow. The rotor–stator
interaction is the interactions between the cyclical rotating
impeller and the stationary guide vane. The forces acting
on the impeller blades will change periodically when each
blade rotates through one guide vane spacing.
From Table 4, the dominant frequency for the points in
the impeller includes 0.5fn except 11fn, which is believed to
relate to the ﬂow separation and the vortex shedding
(a) impeller  (b) guide vane
Fig. 6. Meshes for the (a) impeller and (b) guide vane.
Fig. 7. Values of efﬁciency and head at different mesh numbers.
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frequency in the corresponding area (Ni et al., 2018; Xu
et al., 2017; Zhang et al., 2017b). The point R1C is located
at the impeller inlet and is subjected to a weaker rotor–
stator interaction, thus the ﬂuctuation caused by vortex
separation will play a leading role at some conditions.
However, where IGVF = 21%, besides point R1C, the
dominant frequency of point R4C is also 0.5fn which is
related to the accumulated gas in the impeller outlet and
that increases signiﬁcantly at IGVF = 21%. This then
results in a turbulent gas–liquid ﬂow, which can be
veriﬁed by the distributions of water superﬁcial velocity
and gas void fraction, as shown in Figures 15 and 16c,
respectively.
Table 3. Values of efﬁciency and head of the pump at two
time steps (Q = Qd).
Dt Efﬁciency g (%) Head H (m)
Dt1 60.28 17.72
Dt2 60.29 17.73
Table 2. Detailed mesh information for the impeller and guide vane.
Item Elements Nodes Orthogonality (0–90) Expansion factor (1–20) Aspect ratio (1–100) y+
Impeller 2361664 2518784 82 1.2 13.9 66
Guide vane 1164240 1286604 74 4.9 18.2 10
Fig. 8. Performance curves of efﬁciency and head for simulation
and experiment at IGVF = 0%.
Fig. 9. Values of head for simulation and experiment at
different IGVFs (Q = Qd).
Fig. 10. Locations of monitoring points in the impeller and
guide vane passages.
Fig. 11. Time domain characteristics of monitoring points
R4C, S1C, S4C at two time steps.
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Table 5 lists the ﬂuctuation coefﬁcients of points where
the ﬂuctuation coefﬁcient Cp is deﬁned as follows:
Cp ¼ rqlgHd
 100%; ð7Þ
r ¼
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
1
N
XN
i¼1
pi tð Þ  pi½ 2;
vuut ð8Þ
where Hd is the designed pump head; ql is the density
of water; and pi(t) and pi represent the values of the
instantaneous and average pressure, respectively.
From Table 5, the variation trend of ﬂuctuation is sim-
ilar at different IGVFs along the streamwise direction, that
is, (1) the ﬂuctuation in the impeller increases ﬁrstly and
then decreases, while it decreases gradually in the guide
vane; (2) the ﬂuctuation in the guide vane is greater than
that in the impeller and the maximum ﬂuctuation ampli-
tude for all points appears near the inlet of the guide vane
(point S1C); (3) on the whole, the ﬂuctuation of point R4C
in the vicinity of impeller outlet is relatively small among all
eight points. The characteristics of the frequency domains
for points R4C and S1C are shown in Figure 17. It can be
seen that with the increase of IGVF, the inﬂuence of fre-
quencies (except the dominant frequency) increases and
more chaotic frequencies appear. This is closely related to
the increase of the accumulated gas as the IGVF increases,
shown in Figure 17. The accumulated gas will block the
passage and the ﬂow will be more disordered.
Further, as the IGVF increases, the ﬂuctuation of
the corresponding points shown in Table 5 overall ﬁrst
increases before decreasing, which illustrates that as the
IGVF increases within limits, a more disordered ﬂow and
enhanced gas–liquid phase interaction will occur, and
resulting in greater pressure ﬂuctuation. However, when
0.000 0.005 0.010 0.015 0.020
0
8
72
80
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96
104
112
120
t/s
p/
kP
a
R1C R2C R3C R4C
0.000 0.005 0.010 0.015 0.020
85
90
95
100
105
110
115
120
t/s
p/
kP
a
S1C S2C S3C S4C
(a) Points R1C~R4C                             (b) Points S1C~S4C
Fig. 12. Time domain characteristics of points (a) R1C–R4C and (b) S1C–S4C at IGVF = 15% and Q = Qd.
(a) points R1C-R4C (b) points S1C-S4C
Fig. 13. Frequency domain characteristics of points (a) R1C–R4C and (b) S1C–S4C (IGVF = 15%, Q = Qd).
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the IGVF is outside of the limit, the degree of gas accumu-
lation will be clearly enhanced and thus the gas mass forms,
as shown in Figure 16c, thus decreasing the collision
probabilities between the gas–liquid molecules. According
to the research of Konno et al. (2001), part of the energy
released from the molecular collision may be absorbed by
the gas mass, thus leading to the decrease of pressure
ﬂuctuation.
Fig. 15. Distribution of water superﬁcial velocity in the
impeller at IGVF = 21% (span = 0.5).
(a) IGVF=3% (b) IGVF=9% (c) IGVF=21%
Fig. 16. Distribution of GVF in impeller and guide vane
at different IGVFs (span = 0.5, Q = Qd). (a) IGVF = 3%,
(b) IGVF = 9%, (c) IGVF = 21%.
(a) distribution of gas void fraction
(b) distribution of gas streamlines
Fig. 14. Field characteristics for the blade to blade of the
impeller and guide vane (IGVF = 15%, Q = Qd, span = 0.5).
(a) Distribution of gas void fraction, (b) distribution of gas
streamlines.
Table 4. Information about the dominant frequency of
points at different IGVFs (Q = Qd).
Point
Impeller Guide vane
IGVF R1C R2C R3C R4C S1C S2C S3C S4C
3% 0.5fn 11fn 11fn 11fn 4fn 4fn 4fn 4fn
9% 11fn 11fn 11fn 11fn 4fn 4fn 4fn 4fn
15% 0.5fn 11fn 11fn 11fn 4fn 4fn 4fn 4fn
21% 0.5fn 11fn 11fn 0.5fn 4fn 4fn 4fn 4fn
Table 5. Pressure ﬂuctuation coefﬁcients of points at different IGVFs (%, Q = Qd).
Point
Impeller Guide vane
IGVF R1C R2C R3C R4C S1C S2C S3C S4C
3% 0.31 0.50 0.39 0.41 2.99 2.02 1.06 0.57
9% 0.32 0.64 0.59 0.34 4.46 2.71 1.36 0.82
15% 0.35 0.61 0.50 0.19 5.17 2.84 1.50 0.95
21% 0.25 0.45 0.40 0.18 5.18 2.70 1.45 0.87
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4.3 Inﬂuence of ﬂow rates
Figure 18 shows the pressure ﬂuctuation of points at differ-
ent ﬂow rates (0.75Qd, Qd, 1.25Qd) and an IGVF of 15%.
Overall, the ﬂuctuation in the impeller along the stream-
wise direction ﬁrst increases and then decreases at Q = Qd,
and increases gradually under 0.75Qd and 1.25Qd condi-
tions, while the ﬂuctuation in the guide vane decreases
gradually at these three ﬂow rates. Furthermore, the inﬂu-
ence of ﬂow rate on the ﬂuctuation is not consistent in the
vicinity of the interaction region (points R3C, R4C, S1C,
S2C). For points S1C, S2C, the ﬂuctuations generally
decrease with increasing ﬂow rate due to the entrainment
capacity of the liquid which is enhanced as the ﬂow rate
increases, thus decreasing the degree of the accumulation
of gas and the ﬂow separation between the gas–liquid
phases. But for points R3C, R4C, due to the inconsistency
between the inﬂow angle and the blade angle at off-design
condition, the ﬂuctuations at conditions of Q = 0.75Qd
(a) point R4C (b) point S1C
Fig. 17. Frequency domain characteristics of points (a) R4C and (b) S1C at different IGVFs (Q = Qd).
Fig. 18. Fluctuation coefﬁcient of points at different ﬂow rates
(IGVF = 15%).
(a) Q=0.75Qd (b) Q=Qd (c) Q=1.25Qd
Fig. 19. Distributions of GVF and gas streamlines in guide vane at different ﬂow rates (IGVF = 15%, span = 0.5). (a) Q = 0.75Qd,
(b) Q = Qd, (c) Q = 1.25Qd.
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and Q = 1.25Qd are greater than the condition of Q = Qd.
The same phenomenon can be observed at the trailing edge
of the guide vane (points S3C, S4C), this can also be
attributed to the off-design effect at the guide vane inlet.
However, a strong ﬂow separation occurs at the trailing
edge of the guide vane (shown in Fig. 19), thus the impact
of the effect is weak and the difference of ﬂuctuation at the
three ﬂow rates is relatively small.
The analysis shown in Figure 18 also shows that the
ﬂuctuation in the guide vane is greater than for the impeller
at these three ﬂow rates and the greatest degree of ﬂuctua-
tion occurs at point S1C. Therefore, the characteristics of
the time and frequency domains for point S1C were
analyzed and are shown in Figure 20. Four peaks and
valleys occur in one cycle and the dominant frequency
and second dominant frequency are 4fn and 8fn respec-
tively, which corresponds to the blade number of the impel-
ler or its integer multiple.
Figure 20a shows that the phenomenon of the second
peak and valley occurs at Q = 1.25Qd, marked with a red
circle, which is attributed to the rotor–stator interaction.
That is, the pressure wave generated by the rotation of
the impeller propagates along the ﬂow direction and then
generates the refraction and the reﬂection after colliding
with the pressure surface of the guide vane blades. There-
fore, the gas–liquid two-phase ﬂow near the pressure surface
(PS) at the inlet of the guide vane will be more disordered,
as shown in Figure 19c, and the accumulation of gas and
the ﬂow separation occur therein.
5 Conclusion
The purpose of this study was to investigate the main
reason for the generation of pressure ﬂuctuation, as well
as their change rules, in a multiphase rotodynamic pump
handling air–water two-phase ﬂow, which will help in the
optimization design for such pumps. Based on the Euler
two-ﬂuid model, the pressure ﬂuctuations in the impeller
and guide vane passages were analyzed at different IGVFs
and various ﬂow rates. The main conclusions were:
Along streamwise ﬂow direction, the ﬂuctuation in the
impeller ﬁrst increases and then decreases at different
IGVFs, while it decreases gradually for that in the guide
vane. Also, the complex gas–liquid ﬂow in the vicinity of
the impeller outlet weakens the ﬂuctuation therein. Addi-
tionally, as IGVF increases, the ﬂuctuation of the corre-
sponding points overall ﬁrst increases and then decreases.
When the IGVF is 15%, along the streamwise direction,
the ﬂuctuation in the impeller overall ﬁrst increases and
then decreases at Q = Qd, and increases gradually under
0.75Qd and 1.25Qd conditions, while the ﬂuctuation in the
guide vane decreases gradually at these three ﬂow rates.
Also, the phenomenon of the second peak and valley for
point SIC located near the inlet of the guide vane is seen
when Q = 1.25Qd.
Overall, the dominant frequency of points are respec-
tively 11fn and 4fn, corresponding to the number of blades
of the guide vane and impeller. This illustrates that the
rotor–stator interaction can still be considered the main
reason for the generation of ﬂuctuation in gas–liquid two-
phase pumps. Furthermore, the effect of rotor–stator inter-
action on the ﬂuctuation in the guide vane is greater than
for the impeller and the maximum ﬂuctuation amplitude
appears in the vicinity of the guide vane inlet (point S1C).
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